The speciation and structure of Cu ions and complexes in chabazite (SSZ-13) zeolites, which are relevant catalysts for nitrogen oxide reduction and partial methane oxidation, depend on material composition and reaction environment. Ultraviolet-visible (UV-Vis) spectra of Cu-SSZ-13 zeolites synthesized to contain specific Cu site motifs, together with ab initio molecular dynamics and time-dependent density functional theory calculations, were used to test the ability to relate specific spectroscopic signatures to specific site motifs. Geometrically distinct arrangements of two framework Al atoms in six-membered 
Introduction
Copper ions exchanged onto zeolites are implicated as active sites for the selective catalytic reduction of nitrogen oxides, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] oxidation of NO to NO 2 , 11,12 decomposition of NO and N 2 O, [13] [14] [15] [16] and partial methane oxidation to methanol. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] These Cu ions are associated with charge-compensating AlO 4 À tetrahedral sites that are distributed throughout the zeolite lattice. Because these Al substitutions are not ordered under typical zeolite synthesis conditions, a given framework and macroscopic Si/Al ratio will present a heterogeneous distribution of microscopic Al site ensembles, each of which provides a distinct exchange environment for a Cu ion. The precise Cu species and their relative densities in a given material are thus functions of framework topology, [34] [35] [36] [37] of the density and underlying distribution of framework Al (Si/Al), of the Cu loading (Cu/Al), and even of the protocols used to introduce Cu onto the zeolite supports. [38] [39] [40] [41] [42] [43] [44] Further, multiple Cu ion site motifs may be of similar free energy at a given Al site or ensemble, and at nite temperatures these motifs may interchange at timescales relevant to observation or to catalytic turnover. [45] [46] [47] Given these many sources of structural diversity, assignment of spectroscopic features to specic Cu motifs in a heterogeneous solid is a non-trivial endeavor, but a critical one to make connections between local structure and catalytic function.
One strategy to reduce this complexity is to intentionally synthesize zeolites with framework Al distributions that present one or a few distinct Al site ensembles. This strategy is particularly promising for zeolites of relatively high symmetry, such as the chabazite (SSZ-13) framework that is composed of a single symmetry-distinct tetrahedral site. SSZ-13 samples synthesized using only organic N,N,N-trimethyl-1-adamantylammonium (TMAda + ) structure-directing cations nominally contain only isolated framework Al sites, 39 and are found to contain predominantly [CuOH] + ions aer aqueous Cu ion exchange and high temperature (>473 K) oxidation, based on titrimetric analysis and vibrational and X-ray spectroscopies. 38 In contrast, SSZ-13 samples synthesized in the presence of TMAda + and Na + as costructure-directing cations 39 contain detectable fractions of paired Al sites in 6-membered rings (6MR). Aer Cu ion exchange and high temperature oxidative treatment, these paired Al sites are observed to preferentially host Cu 2+ ions (Z 2 Cu) before isolated Al sites are occupied by [CuOH] + ions (ZCuOH). 38 Z 2 Cu and ZCuOH are expected to contribute differently to ultraviolet-visible (UV-Vis) absorption spectra based on ligand-eld arguments and density functional theory (DFT) calculations, consistent with dd transition and ligand-to-metal charge transfer (LMCT) features in experimentally-measured UV-Vis spectra that are observed to change with Cu content in Cu-SSZ-13 samples.
6,48-50
These single Cu species may coexist with dimeric or higher nuclearity Cu clusters. Oxygen-bridged Cu dimers are well established to be present and quantiable with CO temperature programmed reduction, 15 implicating them as active sites for partial methane oxidation. The precise relationship between sample composition and treatment history, and the numbers and structures of Cu dimers or larger aggregates formed, however, remains less well resolved than such relationships for monomeric Cu sites in Cu-SSZ-13.
Here, we report UV-Vis spectra of model Cu-SSZ-13 zeolites prepared to contain predominantly Z 2 Cu or ZuOH sites, by virtue of their different framework Al arrangements and elemental compositions. We use supercell time-dependent DFT (TD-DFT) calculations to correlate observed UV-Vis spectral features with specic Cu motifs. We nd that spectra computed for single, static, minimum energy structures are in poor agreement with experimental observation, because Cu ion dynamics have a signicant impact on computed spectral features even at ambient temperature. We construct synthetic spectra by averaging over congurations visited during nite-temperature ab initio molecular dynamics (AIMD) simulations and show that these dynamically averaged spectra correspond closely with experimental observation. Further, experimental and simulated spectra are compared to identify features associated with a confounding subset of Cu dimers or larger aggregates in samples prepared to contain predominantly [CuOH] + species. These results resolve several inconsistencies in spectral and site assignments reported in Cu-exchanged zeolites.
Results

Z 2 Cu
First, UV-Vis spectra were collected on a Cu-SSZ-13 sample that contains only Z 2 Cu sites. 38, 65 The Cu 2+ ions in this zeolite sample are associated with ensembles of two Al centers separated by two or one intervening Si tetrahedral (T-) sites in the same six-membered ring (6MR), which we term "para" and "meta" respectively. We used a triclinic 12 T-site SSZ-13 supercell described elsewhere 11,66 to represent each ensemble (Fig. 2) . In each case, a single Cu ion was placed within the 6MR and the structure annealed at 673 K for 150 ps using thermostated AIMD (computational details in ESI Section S1 †). 400 equally spaced congurations were extracted from the trajectories and relaxed. In each Al ensemble, all congurations relaxed to one of three energy minima shown in Fig. 2a and e. These three minima differ in the combination of Al-adjacent and non-Al-adjacent framework oxygen (O f ) that comprise the rst Cu coordination sphere. The framework distorts to accommodate these different Cu-containing minima, behavior consistent with structural distortions reported previously in calculations of metal-exchanged MFI, 67,68 MOR, 67,69 and FER, 70 and inferred from the appearance of two T-O-T deformation bands (900, 950 cm À1 ) in DRIFTS spectra aer Cu exchange into SSZ-13. 71 Despite these structural differences, the three para congurations differ in energy by less than 5 and meta by less than 20 kJ mol À1 (Fig. 2a , e, and also ESI Table S1 †).
The lowest-energy para and meta congurations differ in absolute energy by 21 kJ mol À1 (ESI Table S1 †).
We performed additional AIMD at 300 K to gain insight into variations in Cu coordination environment at nite temperature 38, 72 that might inuence the observed spectra. Fig. 2b reports histograms of distances between Cu and each of the six 6MR O f , collected at 0.6 fs intervals over the 150 ps simulation of para Z 2 Cu. Distances segregate into two groups centered at 2.1 and 3.3Å, corresponding to Cu-coordinated and free O f , each group having widths >0.5Å (Table S2 †) that arise from nite temperature uctuations of the lattice and Cu. The unimodal O1, O2, and O3 and bimodal O4, O5, and O6 distributions are due to transitions between the three different minimum energy congurations of Fig. 2a . Inspection of the trajectory shows that transitions occur by extension of the four Cu-O f bonds, distortion of the lattice, and relaxation into an adjacent minimum. We used these observations to categorize each AIMD frame into one of the three minima or into an intermediate state ( We used TD-DFT to compute frequency-dependent dielectric tensors and corresponding optical absorption spectra of the six minima. The computational details and codes for the VASP inputs and subsequent analysis are provided in ESI Section S1.2 † and also on the external Zenodo repository (DOI: 10.5281/ zenodo.1473128). Computed spectra are shown in Fig. 2c and g, reported in arbitrary K-M units. All six spectra exhibit features in the d-d and LMCT regions not evident in the experimental spectrum in Fig. 1a . Coordinatively similar (as measured from Cu-O distances and O-Cu-O angles) para minima 1 and 3 and meta minimum 2 exhibit equivalent spectra. Absolute intensities are greatest for lowest symmetry and least for highest symmetry minima. 73 Neither any individual spectrum nor a Boltzmann weighting of all spectra at 300 K (shown in ESI Fig. S3 †) recovers the experimental spectrum in Fig. 1a .
To simulate the effects of these geometric variations on observed spectra, we computed the absorption spectra of 400 equally spaced snapshots from the 300 K AIMD trajectories (ESI 
ZCuOH
For comparison to the sample containing predominantly Z 2 Cu sites, we synthesized different Cu-SSZ- 13 to prepare the parent SSZ-13 sample. In contrast, these spectra are markedly different from those reported on materials expected to only contain Z 2 Cu species (Korhonen et al. 6 and Fig. 1a) . The four d-d transitions have different relative intensities in the two Cu-SSZ-13 samples shown in Fig. 1b behind only isolated ZCuOH species and any residual Z 2 Cu sites. Model Z 2 Cu and ZCuOH samples were held in a owing stream of 5% CO at 523 K until no further changes in UV-Vis spectra were observed (details in ESI Section S2.4 †), prior to sealing the UV-Vis cell and cooling to 300 K to record the spectra shown in Fig. 1 , an approach similar to that applied by Ipek et al. to Cu-SSZ-13 samples containing mixtures of Z 2 Cu and ZCuOH sites. 18 As expected, no changes were observed to the dd transition region in the spectrum of the Z 2 Cu sample upon CO exposure (Fig. 1a) . In sharp contrast, the d-d features at 16 379 and 20 077 cm À1 and LMCT transition at 27 000 cm À1 in the spectra of both ZCuOH samples (Fig. 1b and c) Again to explore the consequence of ion dynamics on spectroscopy, we performed additional AIMD simulations at 300 K for 150 ps on a [CuOH] + ion in one of the 8MR orientations.
During the course of the simulation the Cu ion remained coordinated to the same two O f , bond distances uctuated, and the OH ligand rotated between Cu-OH rotational conformers twice. Fig. 3b reports histograms of the two Cu-O f and Cu-OH distances. The Cu-OH bond is shorter and has a narrower distribution than the Cu-O f bond. The Cu-O f mean distances are slightly shorter than those from the Z 2 Cu simulations while the standard deviations are the same as the Z 2 Cu trajectories (ESI Table S2 †). Thus, the coordination environment around ZCuOH varies less than Z 2 Cu. The inset to Fig. 3b reports the fraction of the trajectory spent in each of the two rotational conformations. The 8MR [CuOH] + ion can exist in one of two rotational conformers that differ in energy by 6 kJ mol À1 and are distinguished by whether the OH ligand points into or out of the 8MR (Fig. 3a) . Fig. 3c reports the computed UV-Vis spectra of a relaxed 8MR [CuOH] + ion; each conformer yields a spectrum with two equivalent sharp features in the d-d transition region and a single sharp LMCT band. Predicted ZCuOH absorption intensities are less than either the Z 2 Cu para and meta spectra in Fig. 2c and g, consistent with the higher symmetry of ZCuOH and prior predictions that ZCuOH may have small or unobservable d-d transitions. 49, 74 However the two spectra in Fig. 3c for the two ZCuOH isomers are only in rough correspondence with the observed spectrum of the ZCuOH samples.
We computed the absorption spectra of 400 equally spaced structures chosen from the 300 K AIMD simulation; all (Fig. 1b and  c) . Further, the decrease in computed intensity of the d-d relative to LMCT bands in ZCuOH compared to Z 2 Cu models corresponds with experimental observation. These observations support both the assignment of the Fig. 1b and c spectra following CO treatment (red) to isolated ZCuOH and the conclusion that the quadruplet features aer O 2 treatment (black) cannot be solely assigned to ZCuOH but rather have contributions from multinuclear Cu complexes.
Cu dimers
The additional features in Fig. 1b by four T-sites in the same 8-MR using a 36-T-site supercell. Fig. 4a , structures C and E show the ZCu(OH) 2 CuZ condensation product and of its ZCuOCuZ dehydration product, respectively (details in ESI Section S1.12 and Fig. S9 †) . Within the generalized gradient and harmonic approximations, the free energies to form ZCu(OH) 2 CuZ and dehydrate to ZCuOCuZ are computed to be À108 and À116 kJ mol À1 , respectively (details in ESI Section S1.12 †). These energetics are consistent with the formation of dimers from [CuOH] + ions of suitable proximity. We performed 150 ps AIMD at 300 K on these two dimer structures in the 12-T-site supercell. In both trajectories the dimers remain roughly in the plane of the 8MR and retain coordination to the same bridging and framework O, unlike the more dynamic Z 2 Cu behavior described above. Both dimers vibrate internally and against the framework. Histograms of the Cu-O and Cu-Cu distances are shown in Fig. 4b We used TD-DFT and spectral averaging methods identical to those above to simulate UV-Vis spectra of both dimers at 300 K. We observed computed spectra to be sensitive to the geometries of the dimers, similar to the monomer Z 2 Cu and ZCuOH. Fig. S10 † shows spectra averaged over various numbers of snapshots; spectral averaging converge aer z200 structures. Fig. 4d shows the spectra averaged over 400 snapshots. The spectrum of ZCu(OH) 2 CuZ structure (C) exhibits a broad and low intensity d-d feature around 12 400 cm À1 and a LMCT band blue-shied to beyond 50 000 cm À1 . In contrast, the spectrum of ZCuOCuZ structure (E) has two distinct d-d features around , each spectra is offset on the y-axis). Colors of spectra are consistent with those in (a). Averaged ZCuOH spectrum is plotted at the bottom in black for reference. À1 and an LMCT band edge that begins near 30 000 cm À1 . These two are clearly distinct from one another and from the computed spectrum of ZCuOH.
The spectroscopy of Cu dimers may be sensitive to Al proximity, through its inuence on geometric and electronic structures. To test this effect, we constructed two additional ZCuOCuZ models with two Al placed third-and second-nearestneighbor in an 8MR and introduced a Cu-O-Cu dimer so as to maintain Cu-O distances and a Cu-O-Cu angle similar to previous reports.
11,18 Fig. 4a shows the optimized structures F and G used to initiate subsequent dynamics. At 3NN, the ZCuOCuZ dimer is symmetrically coordinated to O f associated with Al; at 2NN, this symmetry is broken, although both Cu remain bound to two O f . During subsequent 300 K AIMD simulations the Cu ions retain their coordination; as shown in the histograms, Cu-O distances vary across the same ranges at all Al placements while Cu-Cu distances and Cu-O-Cu angles vary considerably with Al separation. While the computed spectra of the optimized structures are different, these differences largely disappear during averaging. As shown in Fig. 4d , averaged spectra have similar d-d features and differ only in the LMCT band edge position.
The Cu dimer spectroscopy could also be sensitive to geometric isomerism. To test this effect, we considered several examples of Cu dimers bridged by two O, a well known motif that exhibits several geometric isomers that are sensitive to Al separation.
34,74-76 Fig. 4a structures A, B, and D correspond to three different Al placements and three different isomers, all of which were obtained by geometry relaxations beginning from literature structures.
11,18 A and B have triplet and D has a singlet ground states, consistent with earlier results. 34, 75 Computed spectra at the optimized geometries (ESI Fig. S10 †) exhibit sharp and distinct peaks in both the d-d and LMCT regions. We performed AIMD on all three isomers; distance histograms collected during the simulations are shown in Fig. 4b and c. The dioxo dimer D is the least variable across the trajectory; dimers A and B sample much larger Cu-O f and Cu-Cu distances, respectively. During the nite temperature simulation, dimer A moves from a cis to a trans m-peroxo orientation whereas the optimized geometry has a slightly twisted O-O linkage, resulting in smaller Cu-O-O angles (geometry comparison in ESI  Fig. S13 †) . Fig. 4d reports computed spectra averaged over 400 snapshots. Spectra differ signicantly in band location and intensity both in the d-d and LMCT regions.
UV-Vis spectra are thus sensitive to Cu dimer composition and structure and dynamics. Comparisons with the experimental spectra collected aer 20% O 2 treatment at 673 K in Fig. 1b and c are complicated by the ill-dened number and nuclearity of Cu species present in the samples. Nevertheless, we can make some useful connections. The relative intensities of the d-d transitions for some dimeric Cu species (in particular A, B, and E) are computed to be greater than that of monomeric ZCuOH, consistent with the observation of decreases in dd peak intensity following CO reduction. Structures B, E, and F have features that roughly correspond with those observed at 11 059, 13 593, 16 379, and 20 077 cm À1 (Fig. 1b and c (Fig. 1a) , and these features persist upon exposure to CO. Isolated ZCuOH species are indicated by lower intensity dd features near 11 000 and 13 000 cm À1 , which also persist during exposure to CO. We nd that samples intentionally prepared to contain exclusively ZCuOH always contain a confounding set of species that have relatively intense but irregular d-d features, which we assign to a mixture of higher nuclearity Cu oxo and hydroxo species. These species contribute four relatively prominent features in the d-d region, but they do not persist following CO reduction treatments. Discrimination within these sets is more challenging. Samples prepared to contain only Z 2 Cu species potentially contain two geometrically distinct sites distinguished by the location of the charge-compensating Al, 80 and such sites are predicted here to have distinct UV-Vis spectra if computed at one minimum energy structure. Accounting for the nite temperature uctuations in Cu location between local minima and associated uctuations in Cu coordination environment, however, attenuates these differences, such that the two sites become spectroscopically indistinguishable. Similar factors affect the interpretation of XAS, 79,81-84 EPR 49,83,85 spectroscopies, and X-ray diffraction 5, 82, 85, 86 patterns, and caution should be applied in inferring Z 2 Cu geometric information by comparison of observations to predictions from single, minimum energy structures.
In samples in which Cu exchange is predominantly associated with isolated Al T-sites and contain a majority of ZCuOH sites, observed UV-Vis spectra contain features in the d-d and LMCT regions that cannot be accounted for by the spectrum computed of these sites. 18, 48, 49, 87 Strategies to directly prepare and characterize Cu-SSZ-13 samples that contain exclusively ZCuOH sites, either by exchanging dilute amounts of Cu or using higher silica-content SSZ-13 supports, are unlikely to be successful because of the difficulties of observing dilute ZCuOH and the presence of a confounding set of framework Al sites that can stabilize dimeric forms of Cu even at low Al density. Therefore, a strategy that combines synthetic efforts to bias formation of predominantly one Cu site type with treatments that selectively remove minority Cu species, is more likely to allow access to individual Cu site types.
The exact shapes and positions of the features depend on the zeolite composition and the precise pretreatment conditions, including temperature, pressure and duration of O 2 
Conclusions
Cu-exchanged zeolites remain a topic of great scientic interest because of their intriguing performance in catalyzing difficult transformations involving the nitrogen oxides and methane. Identication of active sites is complicated by the sensitivity of Cu exchange to zeolite framework types, the number and distribution of framework Al atoms, Cu content, and pretreatment conditions. The SSZ-13 zeolite framework is constructed of a single symmetry-distinct type of T-site, in principle reducing the number of possible distinct ion exchange sites and thus simplifying spectroscopic interrogation of those sites. Here we use directed synthetic approaches to emphasize different types of exchange sites, and DFT evaluations of site structure and spectral signatures to test this principle. We nd that in SSZ-13 samples prepared to contain only isolated Al T-sites, and thus in principle a homogeneous array of [CuOH] + ion exchange sites, always contain a confounding subset of O-or OH-bridged Cu dimers and/or larger aggregates in the Cu/Al exchange regime explored here. These latter species are intrinsically heterogeneous due to heterogeneity in bridging ligands and/or in arrangements of framework Al substituents, which likely involve more than one Al T-site. The underlying [CuOH] + UV-Vis spectrum can be revealed by selective CO reduction of the polynuclear Cu species. The UV-Vis spectrum, even of isolated [CuOH] + ions, is found to be inuenced by the intrinsic, nite-temperature dynamics of the site, as revealed through AIMD and TD-DFT calculations. In SSZ-13 samples prepared to contain 2NN (meta) and 3NN (para) Al pairs in the 6MR, the same dynamical factors serve to obscure spectroscopic differences between these two distinct types of Z 2 Cu sites. While calculations performed at the optimized geometries predict that the meta and para Cu-exchange sites are spectroscopically distinct, those differences are indistinguishable aer accounting for the nite-temperature uctuations in Cu ion coordination environment. These results highlight the potential and the practical challenges of developing correlations between observed spectroscopy and the contributions of various Cu ion exchange sites and motifs to observed chemical reactivity. They highlight that precise characterization of active sites in this and similar systems demands a careful integration of chemical and spectroscopic interrogation with computational models that account for the structural and dynamical complexities of the materials.
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